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Glossary 
A. Abbreviations 
AC – Alternating Current 
CAES – Compressed Air Energy Storage 
D1 – First type of diesel generator 
D2 – Second type of diesel generator 
D3 – Third type of diesel generator 
DC – Direct Current 
DGPPR – Diesel Generator Prime Power Rating 
ES – Energy Storage 
PHES – Pumped Hydro Energy Storage 
SMES – Superconducting Magnetic Energy Storage 
SOC – State of Charge 
SR – Spinning Reserve 
TES – Thermal Energy Storage 
WTG – Wind Turbine Generator 
 
B. Terms 
Excess wind energy – Current wind farm power capacity or capability less the amount of 
wind power that can be used. (Can also be expressed as the wind energy that is 
‘dumped’ or rejected by pitching the wind turbine rotor blades so that the wind farm is 
only producing what can be used.) 
Power Curve – A graph that indicates the power output for the wind turbine at a range 
of wind speeds. 
R-squared – Residual error which refers to the error difference between the best line fit 
and the original data. 
Stored wind energy – Excess wind energy used to charge energy storage. 
Wind penetration – The proportion of the electrical load supplied by wind generation.  
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1 Executive Summary 
This project was concerned about simulating wind-diesel systems with differing diesel 
generators, wind generation and energy storage. The simulating tool that was used in 
this project was Microsoft EXCEL.  
A basic EXCEL ‘one hour’ energy flow model with one type of diesel generator was 
provided at the start of the project. The ‘one hour’ model contains average wind and 
load data recorded at each hour of the year. 
This basic model was further developed to include:  
 Three types of diesel generator and, 
 Energy storage 
Other than the basic ‘one hour’ model, different versions of the EXCEL model were also 
developed, which include: 
 ‘Half hour’ model and, 
 ‘Ten minute’ model 
The only difference between the ‘half hour’ model and the ‘one hour’ model is that the 
average wind and load data are different. Therefore, there were not many changes in 
programming the ‘half hour’ model from the ‘one hour’ model. However, for the ‘ten 
minute’ model, the operation time of the diesel generators must be considered. Diesel 
generators do not turn on and off every 10 minutes and hence, the model must be 
programmed so that the diesel generators operate every 30 minutes or an hour. 
However, this was not done in the project due to time constraints. A ‘time step’ model 
was created instead to allow average wind and load data for any time step i.e. 2 hours 
data, 45 minutes data, 15 minutes data etc., to be pasted into the model. 
The user-friendliness of the program was also improved to give better understanding by 
including simple instructions for users to use the program more conveniently.  
The final enhanced one hour model with one type of diesel generator was then 
compared with HOMER to see how the results differ. The two programs are very 
different to each other in terms of both input details and simulation results.  
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2 Introduction 
The main aim of this project is to improve the energy flow wind diesel model. The 
objectives for this project are as follows: 
i. To enhance the software to model more than one type of diesel generator and 
to accommodate fuel consumption polynomial curves for a range of diesel 
generator loadings.  
 
ii. To enhance the software to include modelling of energy storage. 
 
iii. To enhance the user-friendliness of the simulation tool e.g. by adding 
instructions on using the tool and descriptions of each column in the EXCEL 
model.  
 
iv. To include in the software package, a library of data for many different types of 
diesel generator that may be suitable for community diesel power stations. 
 
v. By using a particular set of wind and load data, the EXCEL energy flow model and 
the HOMER program were compared with different types of systems.  
In addition, all the enhancements mentioned above were also included in two other 
models: 
 The ‘half hour’ model 
 The ‘time step’ model 
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3 Background 
3.1 Wind-Diesel Systems 
Wind-diesel systems consist of diesel generators and one or more wind turbines to 
obtain a maximum contribution from the variable wind resource for continuous electric 
power generation (Ibrahim 2012). They are designed to reduce fuel consumption and 
thus reduce the system operating costs and environmental impacts (Ibrahim 2012).  
There are a lot of wind-diesel systems currently in operation; some of the examples are 
as follows: 
 Bremer Bay End of Grid Wind-Diesel System (Energy 2006) 
 Coral Bay Wind-Diesel System with flywheel energy storage (EcoGeneration 2008) 
 Danvest Wind-Diesel System (Danvest 2013) 
 Denham Wind-Diesel System (Energy 2006) 
 Hopetoun Wind-Diesel System (Energy 2006) 
 Wales, Alaska High Penetration Wind-Diesel System (Shirazi 2002) 
Every wind-diesel system has its own design so they have different characteristics. Some 
of the systems include energy storage but most do not, because of the additional cost 
and space requirements (Siegel 2013).  
Wind-diesel systems can be classified according to their wind penetration [Ref. Section 
IV.B]; they can be low, medium or high. Wind-diesel systems with different levels of 
wind penetration operate differently depending on the characteristic of the system 
(Baring-Gould 2007). Table 1 shows the wind penetration classes with their own 
characteristics. 
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Table 1 – Wind Penetration Classes (Baring-Gould 2007 and Fay 2010) 
Wind 
Penetration 
Class 
Characteristics Peak 
Instantaneous 
Wind 
Penetration 
Annual Average 
Wind Penetration 
Low  Requires minimal control system. 
 Diesel generators run full time. 
 Low capital cost. 
 Fuel savings not more than 20%. 
 
Less than 50% Less than 20% 
Medium  Requires simple control system (slightly 
more complex than a low penetration 
system since the peak instantaneous 
penetration exceeds 50%). 
 Diesel generators also run full time. 
 Higher capital costs than a low penetration 
system. 
 Fuel savings up to 40%. 
 Additional operation and maintenance 
required. 
 
50 – 100% 20 – 50% 
High  Requires sophisticated control system. 
 Diesel generators can be shut down when 
there is high wind availability. 
 Higher capital costs than low and medium 
penetration systems due to a higher level of 
system integration (technological complexity 
and advanced controls). 
 Fuel savings up to 70%. 
 Additional components required for voltage 
and frequency regulations. 
 Energy storage included (which provides 
spinning reserve). 
 
100 – 400% 50 – 150% 
 
                             
               
               
(Baring-Gould 2007) 
                       
                 
            
(Baring-Gould 2007) 
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3.2 Energy Storage 
The idea of using energy storage is to transfer excess energy produced by the power 
station during the off-peak periods to the peak periods (Ibrahim 2012). In the case of 
wind-diesel systems, energy storage stores excess wind energy and releases during low 
wind periods. The power capacity of energy storage is usually hundreds of kilowatts (kW) 
but may vary from kW to megawatts (MW) depending on the system. 
The addition of energy storage systems may provide the following benefits which are 
crucial to saving diesel fuel.  
1. Time shifting of energy 
2. Provision of spinning reserve (short term) 
3. Provision of step load response 
4. Provision of energy buffering to accommodate variable generation like wind and 
solar (frequency regulation) 
5. Provision of dump load following a large sudden loss of system load 
There are many types of energy storage, and each of them operates differently. Below 
are a few types of energy storage that can be used for wind-diesel systems. 
 Electrochemical battery energy storage (Battery storage) (Ibrahim 2012) 
 Flywheel energy storage (Flywheels) (Denholm 2010) 
 Thermal energy storage (TES) (Denholm 2010) 
 Capacitor energy storage (Capacitors) (Denholm 2010) 
 Superconducting magnetic energy storage (SMES) (Denholm 2010)  
 Pumped hydro energy storage (PHES) (Denholm 2010) 
 Compressed air energy storage (CAES) (Denholm 2010) 
In this project, the simulations are more focused on the use of battery storage because 
they are able to provide all the benefits that can be included to the EXCEL model. 
However, the model does not provide the last two benefits listed above since it is an 
energy flow model which is not capable of dealing with dynamic power system 
modelling. The model can still be used to design with other energy storage systems, not 
just battery storage. 
The model is not only suitable for designing a wind diesel system with battery storage, 
but also for designing with other energy storage systems. 
Electrochemical batteries consist of two or more electrochemical cells where each cell 
contains two electrodes (anode and cathode) and an electrolyte (Eyer 2010). 
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Below are some examples of electrochemical batteries: 
 Lead acid battery (Denholm 2010) 
 Nickel Cadmium battery (Ni-Cd) (Denholm 2010 and ESA 2014) 
 Lithium ion battery (Li-ion) (Denholm 2010 and ESA 2014) 
 Nickel metal hydride (Ni-H) (Denholm 2010 and Ibrahim 2012) 
 Sodium sulphur battery (Na-S) (Denholm 2010 and ESA 2014) 
 Sodium nickel chloride battery (ZEBRA) (Denholm 2010)  
Other types of electrochemical batteries called flow batteries are batteries that are 
rechargeable where energy is stored in one or more chemical components dissolved in 
liquid electrolytes (Badwal 2014). The difference between common electrochemical 
batteries and flow batteries is that energy is stored as the electrode in common 
batteries whereas for flow batteries, energy is stored as the electrolyte (ESA 2014). 
Some examples of flow batteries are: 
 Vanadium redox battery (Denholm 2010) 
 Zinc bromine battery (Denholm 2010) 
 Polysulfide bromine battery (Denholm 2010) 
 Iron chromium battery (ESA 2014) 
Different types of energy storage give different benefits in reference to the above list. 
3.2.1 Flywheels, Capacitors and SMES 
These technologies have fast response and high efficiency, especially flywheels, which 
allows them to provide benefits from 2 to 5 listed above (Denholm 2010). However, 
they have limited total energy capacity which restricts them from long time duration 
applications and therefore unable to provide the first benefit (Denholm 2010). 
3.2.2 Electrochemical batteries 
Batteries like lead-acid, Ni-Cd, Ni-H and Li-ion provide benefits like spinning reserves and 
load following (Benefits 2 and 5) (Denholm 2010). In addition, these batteries also have 
fast response and larger energy capacity than technologies mentioned in section 3.2.1, 
which allows them to provide frequency regulation services and time shifting of energy 
(Benefits 1, 3 and 4) (Denholm 2010). However, they are exposed to continuous 
discharging and recharging, which can shorten their lifetime operation (Denholm 2010). 
 
Page | 13  
 
3.2.3 TES and high energy batteries 
There are a few solid state batteries that can operate at high temperature which can 
provide high energy capacity (Benefit 1), for example, Na-S and ZEBRA (Denholm 2010). 
Thermal energy storage has high energy capacity which requires long time of continuous 
discharge (Denholm 2010). This allows them to provide benefit in time energy shifting. 
Flow batteries like vanadium redox, zinc bromine and polysulfide provide high energy 
capacity because the power and energy components can be sized independently, and 
the storage system’s discharging time can be increased by adding more electrolyte 
(Denholm 2010 and Eyer 2010). 
3.3 EXCEL Energy Flow Model 
The EXCEL energy flow model simulates a wind-diesel system to analyse results on how 
much diesel fuel is consumed and how much diesel fuel consumption is reduced by wind 
generation for particular sets of wind speed and load data. The challenge is to produce 
the most accurate predictions given the wind and load data that is provided. Figure 1 
shows the schematic diagram of the original EXCEL model which consists of one type of 
diesel generator and wind turbine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diesel Generator(s) 
(One type only) 
Wind Turbine(s) 
Load 
Figure 1 - Schematic Diagram (Original model) 
System Control Unit 
Control Bus 
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3.3.1 Original model of Wind-Diesel system 
The original model that was provided at the start of the project was using a 300kW 
ENERCON E-30 wind turbine generator and a 255kW 12.7litre Detroit Series 60 diesel 
generator.  
The power curve [Ref. Section IV.B] of a wind turbine generator was used to obtain a 
6th order polynomial equation for wind turbine power (kW) as a function of wind speed 
(m/s). A power curve is a graph that indicates the power output of the wind turbine at a 
range of wind speeds (Tuulivoima 2003). This formula can then be used in the EXCEL 
model to determine the available wind farm output for a given wind speed. Figure 2 
shows the power curve of a WTG in the model. 
 
Figure 2 - Enercon E-30 WTG Power Curve 
The power curve in Figure 2 does not show the points beyond 300kW (at 14m/s) 
because the rated power of the WTG is 300kW, so for all wind speeds above 14m/s up 
to the shutdown wind speed at 25m/s or more, the power output equals the rated 
power. 
There are wind speed and load data sets included in the model, which does not 
represent any particular location and they can be replaced with other data sets. The 
data sets provided in the original model are average values for every hour in a year, 
which include 8760 data inputs. These data sets can then be used to obtain the results 
of the electrical energy generated by the wind farm and the diesel generator over each 
y = 1.7021x6 - 89.445x5 + 1804.4x4 - 17957x3 + 96288x2 - 
256495x + 264840 
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hour of the year. The original program also gives results of the average, maximum and 
minimum of all values. 
Other than this model, which contains data with average values for every hour, there 
are two other models provided that contain data with average values for every 30 
minutes and 10 minutes. 
All these models did not include any energy storage and they were only catering for one 
type of diesel with fuel consumption data based on fuel consumed at no load in litres 
per hour (L/hr) and full load in L/hr. The figure below shows the data that is based on no 
load and full load fuel consumption in L/hr. 
 
Figure 3 - Original model, fuel consumption at no load and full load 
These models offered limited application to only a few types of diesel generators and 
hence enhancements were made to these models. Refer to section 4.1.1 for the 
enhancement for fuel consumption. 
3.3.2 Original model structure 
The original model only has two pages: 
1. WTG Power Curve, and 
2. Wind diesel model (with inputs, outputs and description on the same page) 
Figure 4 shows the first page of the original model which contains the WTG power curve. 
Figures 5, 6 and 7 show the second page of the model. 
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Figure 4 - WTG Power Curve (Original model) 
 
Figure 5 - Input section (Original model) 
List of input values (yellow cells in Figure 5): 
 Scale factors to rescale loads and wind speeds 
 Minimum diesel reserve above load (kW) 
 Maximum diesel loading (%) 
 Minimum diesel loading (%) 
 Diesel step load response as % of kW rating (%) 
 Spinning reserve coverage of wind farm (%) 
 Number of WTGs 
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The maximum number of diesel generators online in power station (light green cell in 
Figure 5) is a calculated output value that indicates the maximum number of diesel 
generators that is online to meet the load.  
Figure 6 shows the output results of the model. 
 
Figure 6 - Output section (Original model) 
List of output results: 
 Available wind farm output (kW) 
 Potential wind penetration (%) 
 Minimum required online diesel capacity (kW) 
 Number of diesel generators online 
 Minimum diesel loading (kW) 
 Total step load response of online diesel generators (kW) 
 Wind output, allowing for minimum diesel and step loads (kW) 
 Diesel output (reduced by wind input) (kW) 
 Percent loading of each diesel (%) 
 Diesel fuel used by online diesel generators (L/hr) 
 Diesel generator efficiency (kWh/L) 
List of main results (located at the bottom of the page in Figure 6): 
 Available wind farm energy over the year (MWh) 
 Annual wind energy to supply load, allowing for minimum diesel and step loads 
(MWh) 
 Annual diesel energy to supply load (reduced by wind input) (MWh) 
 Diesel fuel used in one year (kL) 
 Wind penetration of load (%) 
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Figure 7 shows the description of each output column. Clearly, the description of the 
columns is difficult to read. Therefore the descriptions were rotated and edited as 
shown in Appendix B. [Ref. Section 9.6] 
With enhancements made to the model, there would have been too many things on one 
page, and, therefore, the inputs and the description were separated from the second 
page of the model. Refer to Appendix B for the screenshots of the final enhanced model. 
[Ref. Section 9] 
 
Figure 7 - Description of columns (Original model) 
3.4 Other Similar Simulation Programs 
There are two other well-known software programs that can be used to model wind-
diesel systems, being HYBRID2 and HOMER. [Ref. Section 9] 
In this project, the HOMER program was used for comparison purposes to see how the 
results produced by the EXCEL model and the HOMER model differ. 
Currently, there are three versions of the HOMER software (Energy 2014): 
1. HOMER Pro (Latest model) 
2. HOMER 2 
3. HOMER Legacy 
In this project, the HOMER Legacy version was used for comparison since it can be used 
for free for a long period of time, even though it was not the latest version available. 
Therefore, the results produced by the HOMER model in this project may not match 
with the latest version. 
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4 Methodology 
In this section, the methods on how each enhancement was done will be described. 
4.1 Enhanced model 
Figure 8 shows the schematic diagram for the enhanced model of the wind diesel 
system which includes: 
1. Three types of diesel generators, and 
2. Energy storage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
System Control 
Unit 
Diesel Generator 1 
Wind Turbine(s) 
Load 
Energy Storage 
Figure 8 - Schematic Diagram (Enhanced model) 
Diesel Generator 2 
Diesel Generator 3 
Control Bus 
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4.2 Extra Diesel Types Enhancement 
With the extra diesel types enhancement, the program is able to model more than one 
type of diesel generator and to also accommodate non-linear fuel-load curves. This 
enhancement was first done before the energy storage enhancement but the sequence 
of enhancements does not matter.  
4.2.1 Fuel Consumption 
Fuel consumption polynomial curves were created before modifying the actual model. 
This was done by using fuel consumption data provided by various manufacturers. 
Some polynomial curves were produced through research, which are suitable for 
modelling a wind diesel system. The fuel consumption data provided by most of the 
manufacturers has a near linear relationship between the fuel consumption and the 
load. However, with the line of best fit applied to the figure using a 2nd order polynomial 
equation, the resulting 2nd order co-efficient was relatively small in most of the data sets. 
These polynomials can be used to determine the fuel consumption at any loading within 
the allowed load range. 
The reason for using a 2nd order polynomial order was because the 2nd order co-efficient 
was already small so there was no need to go beyond a 2nd order polynomial order. 
Unlike the wind turbine generator power curve, none of the fuel consumption curves 
were very non-linear. The non-linear wind turbine generator power curve requires a 6th 
order polynomial curve to achieve accuracy. 
On the other hand, if a linear equation was used rather than the 2nd order polynomial 
equation to fit the fuel curve, their relative accuracy can be assessed by comparing their 
R-squared values [Ref. Section IV.B]. The difference between the results can also be 
observed by looking at the 2nd order co-efficient. A small co-efficient means that a linear 
fit would probably suffice to obtain good results. 
Some examples of the polynomial curves produced using the data from different 
manufacturers are shown in the following pages. 
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Table 2 – Fuel  Consumption Data for CUMMINS 255kW, provided by D.E.S.S. Power (Power DPM350C) 
CUMMINS NTA855-G1B 255kW 
Load (%) Fuel Consumption (L/hr) 
25 22 
50 38.3 
75 54.3 
100 71.4 
 
 
Figure 9 – 2
nd
 Polynomial Order for CUMMINS 255kW Diesel Generator 
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Table 3 – Fuel Consumption Data for CUMMINS 400kW (Power DPM550C) 
CUMMINS KTA19-G4 400kW 
Load (%) Fuel Consumption (L/hr) 
25 30 
50 57 
75 82 
100 107 
 
 
Figure 10 – 2
nd
 Polynomial Order for CUMMINS 400kW Diesel Generator 
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Table 4 – Fuel Consumption Data for CAT 240kW, provided by CATERPILLAR (Caterpillar 2013) 
CAT DM7523 - 240kW 
Load (%) Fuel Consumption (L/hr) 
50 38.5 
75 53.8 
100 69.3 
 
 
Figure 11 – 2
nd
 Polynomial Order for CAT 240kW Diesel Generator 
 
Figure 12 – Linear equation for CAT 240kW  
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Table 5 – Fuel Consumption Data for PERKINS 200kW (Olympian 2008) 
PERKINS 1306C-E87TAG6 200kW 
Load (%) Fuel Consumption (L/hr) 
50 31.1 
75 46.1 
100 58.9 
110 63.3 
 
 
Figure 13 – 2
nd
 Polynomial Order for PERKINS 200kW Diesel Generator 
 
Figure 14 – Linear equation for PERKINS 200kW 
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Figures 9, 10, 11 and 13 show the 2nd order polynomial best fit curves while Figures 12 
and 14 show the linear best fit curves. Figures 9, 10 and 13 were used in most of the 
simulations, while Figure 11 was also used to test the robustness of the program and 
see how the results would differ. Figure 12 and 14 were used to see the difference 
between the results of a 2nd order polynomial equation and a linear equation. 
Clearly the first three diesel generators as shown in Figures 9 to 12, would not have 
much impact on the results, if linear equations were used, since the 2nd order 
coefficients are small. However, for the last diesel generator as shown in Figures 13 and 
14, the results would differ slightly due to the better fit achieved by the use of a 2nd 
order polynomial. 
4.2.2 Diesel Priority 
A key objective of achieving the extra diesel enhancement was to model diesel 
scheduling priority. It has been programmed for the user to decide the diesel priority 
order rather than the order being automatically decided by the program. The purpose of 
doing this is: 
 To achieve the least size of incremental steps in diesel capacity with the least 
number of generators running at a time, and  
 For operational issues, e.g. maintenance and balancing of engine running hours. 
A very important function in EXCEL was required in programming the diesel priority. The 
function is called the ‘VLOOKUP’. First, a lookup table must be created in order to use 
this function. Figure 15 shows the lookup table that was used in the EXCEL model. 
 
Figure 15 - Lookup Table 
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The lookup table shown above consists of three different types of diesel generators. The 
green cells contain values that are calculated by the program while the yellow cells 
contain values which are entered by the user. The user has to figure out the size of the 
incremental steps in diesel loading by entering how many diesel generators are online. 
The ‘VLOOKUP’ function looks up a value in the first column of the selected table array, 
and gives the result of the value in the specified column of the table array.  
The format of the function: ‘VLOOKUP(lookup_value, table_array, col_index_num, 
range_lookup)’. (Office) 
The ‘lookup_value’ is the value to search in the first column of the selected table array. 
The ‘table_array’ must contain two or more columns of data and the data in the first 
column is the data that is searched by the ‘lookup_value’. The ‘col_index_num’ refers to 
the column number of the table array and gives the value in the specified column 
number as a result that matches the ‘lookup_value’. The ‘range_lookup’ decides 
whether the ‘lookup_value’ needs to be exact or approximate. It is optional to have a 
value in the ‘range_lookup’ for the ‘VLOOKUP’ function. For the simulations in this 
project, a nearest value was what is needed and therefore without any value entered 
for the ‘range_lookup’, by default, a nearest value would be searched. An example of 
the function that was used in one of the columns in the model is shown below. 
                                     
Where 
 ‘J8770’ is the ‘lookup_value’, which would be the load, 
 ‘Inputs!$H$38:$L$56’ is the ‘table_array’ (‘Inputs!’ indicate the input page of the 
model), and 
 ‘3’ is the ‘col_index_num’ 
For example if the value of ‘J8770’ is 500, by using the function shown above and by 
referring to the lookup table in Figure 15, the result will be 1 since the ‘col_index_num’ 
is 3 i.e. the number of online diesel generators 1. (See ‘Row 44, Priority order 7’ in 
Figure 15) 
Calculations on getting the values shown in Figure 15 are in Appendix A. [Ref. Section 
8.2] 
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Note that there are other ways of achieving the diesel priority. There was an attempt on 
using the ‘IF’ function to try to get the right results, while designing the model with two 
types of diesel generators. However, using the ‘IF’ function created a really long 
statement, which therefore, could cause lots of bugs, confusion and complexity in using 
the model. The equation would look something like: 
                                                
                                        
                                              
The above function was first used to implement the diesel priority for the system with 
two types of diesel generators, but due to the length and complexity of the statement, 
as more types of diesel generators are added, it was replaced by the idea of a lookup 
table. 
4.3 Energy Storage Enhancement 
The main purpose of this enhancement is to include energy storage in the model in 
order to save more diesel fuel.  
In reference to section 3.2, the energy storage enhancement is to include the three 
benefits previously listed being: 
1. Time shifting of energy 
2. Provision of spinning reserve 
3. Provision of step-load response 
The first step is to come up with the important details of energy storage as inputs in the 
program. Some of the most important details are listed below. 
 The power capacity of energy storage in kilowatts (kW) 
 The minimum energy storage level (To protect the energy storage) in percentage 
(%) 
 The maximum energy storage level (%) 
 The starting energy storage level (%) 
 The minimum energy storage level for spinning reserve (kW) 
 The maximum charging rate (kW) 
 The maximum discharge rate (kW) 
 The efficiency of the energy storage (including the efficiency in and out) (%) 
Figure 16 shows all the details of the energy storage including the list above that were 
used in the enhanced model. 
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Figure 16 - Properties of Energy Storage 
The input values in Figure 16 are logical assumption values. These values can be 
replaced with data from various manufacturers. However, the data provided by most of 
the manufacturers is very different in terms of the details and the units. 
4.3.1 Time shifting of energy 
This is an important benefit of energy storage. It is about the charging of energy storage 
using excess wind energy [Ref. Section IV.B] and discharging of energy storage to 
reduce diesel generator loading during low wind periods. To model this benefit, these 
extra columns (outputs) were added to the program: 
 Available wind output for energy storage charging (kW) 
 Surplus wind output used to charge energy storage (kW) 
 State of charge at beginning of each hour (kWh) 
 Available charge (kWh) 
 Energy storage used to reduce diesel loading (kW) 
 Diesel output reduced by wind output and energy storage (kW) 
Until the energy storage reaches the maximum energy storage level, it charges every 
hour when there is surplus wind energy and discharges when there is less wind power 
than the system can utilise, i.e. diesel generators are not at their minimum loading level.  
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Calculations for the outputs listed above are shown in Appendix A. [Ref. Section 8.4.1] 
4.3.2 Provision of spinning reserve 
The spinning reserve provided by energy storage reduces the amount of diesel capacity 
required. This benefit has the most effect on reducing the diesel fuel consumption. To 
include this benefit, the criteria listed below were considered and added as extra 
columns and cells in the model. 
Inputs: 
 Spinning reserve coverage of available wind farm power by energy storage (%) 
 The percentage of the power reserve above the load provided by energy storage 
(%) 
 Number of minutes to start a diesel generator (min) 
Outputs: 
 Spinning reserve coverage of wind farm and provision of reserve power by 
energy storage (kW) 
 Spinning reserve capacity of energy storage (kW) 
Results and calculations for the outputs are shown in Results and Appendix A. [Ref. 
Section 5.1.2.2 and 8.4.2] 
4.3.3 Provision of step load response 
The step load response of energy storage may allow wind power to be used which in 
turn helps in reducing diesel output and hence the diesel fuel consumed. Below are 
some criteria that were included in the model to provide this benefit. 
Outputs: 
 Step load response of energy storage (kW) 
 Total step load response of diesel and energy storage (kW) 
Results and calculations are shown in Results and Appendix A. [Ref. Section 5.1.2.2 and 
8.4.3] 
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4.4 User-friendliness Enhancement 
The software was improved by making it more user-friendly. Hyperlinks, instructions and description of columns were added into 
the program. 
4.4.1 Instructions and description of columns 
Simple instructions were included in the program to help users get started with the program and the process of the simulation 
before going to the output page of the model. A description page was created which contains the description for all the columns in 
the output page of the model. Figures 17 and 18 show the introduction page and the description page. 
 
Figure 17 - Introduction page 
  
Figure 18 - Description page 
4.4.2 Hyperlinks 
Hyperlinks were added within each sheet of the program to make the program more convenient to use as users can move around 
the program quickly. The model in the program contains a long page of data, with hyperlinks added. Users can click on the hyperlinks 
to go to the bottom of the page and go back to the top at any time. Each column in the model is also hyperlinked to their brief 
description so that when users do not understand, they can just click on the hyperlinks and go straight to the description page and 
then return to the output page. 
The right side of Figure 19 shows some of the hyperlinks where users can move around the page. 
  
Figure 19 - Top of the Output page 
Figure 20 shows the bottom of the output page where the description names of the columns are hyperlinked to the description page 
in Figure 21. On the bottom, there are also hyperlinks like on the top of the page. 
 
Figure 20 - Bottom of the Output page
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The hyperlinks in Figure 21 are also linked to the hyperlinks in Figure 20. 
 
Figure 21 - The description page with hyperlinked description names 
4.4.3 Library of data 
There are many examples of different manufacturers’ fuel consumption data that are 
included in the program so that users could just use the data that has already been 
provided. Figure 22 shows the page where there are suitable fuel consumption data that 
can be used for a wind-diesel system. 
 
Figure 22 - Data sets for fuel consumption 
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5 Results 
5.1 One hour model 
5.1.1 Original model 
Figure 23 is same as Figure 5, showing the inputs for the original model. 
 
Figure 23 - Inputs section (Original model) [Ref. Figure 5] 
With the inputs shown in Figure 23, Table 6 shows some of the main output results 
produced by the original model. 
Table 6 - Main output results (Original model) 
Available wind farm energy over the year (MWh) 999 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 720 
Annual diesel energy (reduced by wind input) (MWh) 2217 
Diesel fuel used in one year (kL) 588.822 
Wind penetration of load (%) 24.50% 
Calculations to obtain the results in Table 6 are shown in Appendix A [Ref. Section 8.1]. 
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5.1.2 Enhanced model 
With all the enhancements applied to the original model, a step-by-step description on 
how the results change after each enhancement follows. 
5.1.2.1 Extra Diesel Enhancement 
After adding the extra types of diesel generators using the lookup table, the formulae of 
almost all the columns has had to be modified. All the information and data that were 
required for the original model with only one diesel generator namely: 
 Diesel Generator Prime Power Rating (Rated Power) (kW) 
 Minimum diesel generator loading (%) 
 Maximum diesel generator loading (%) 
 Diesel generator step load response as percent of kW rating (%) 
 Fuel Consumption Data (polynomial equation) 
are also required for the extra types of diesel generator and are used as inputs into the 
enhanced model. 
The enhanced model generates and uses non-linear fuel-load curves and not just linear 
fuel-load curves. 
With these changes, the columns containing the calculations required for the first diesel 
generator are also required for the extra types of diesel generators. These columns 
include: 
 Number of diesel generators on-line 
 Minimum diesel loading (kW) 
 Percent loading of each diesel generator (%) 
 Diesel fuel used by on-line diesel generators (kL) 
 Diesel generator efficiency (%) 
However, with these columns created for the extra types of diesel generators, the 
program would not produce the correct results when more than one type of diesel 
generator is on-line. In order to solve this, extra calculations are needed. These 
calculations not only rectify the errors but also make the different diesel types to have 
equal percentage loading over between their allowed loading ranges. To enable these 
calculation steps, columns to calculate the maximum diesel loading in kW for all types of 
diesel generators were created, which are used in the calculations afterward. 
Calculation steps are shown in the Appendix A [Ref. Section 8.3]. 
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With two extra types of diesel generators added to the model and changes made to the 
formulae, Table 7 shows the results obtained [Ref. Section 8.5]. 
The results in Table 7 are different to those in Table 6, but it is not possible to draw any 
conclusions from this difference. It is about the fuel efficiency of the different diesel 
types and their power capacity, their minimum loading and step load capacity. 
Table 7 - Main Results (Three types of diesel generator) 
Available wind farm energy over the year (MWh) 999.49 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 738.43 
Annual diesel energy (reduced by wind input) (MWh) 2197.95 
Diesel fuel used in one year (kL) 654.492 
Wind penetration of load (%) 25.15% 
 
Table 8 shows the results of the original model. 
Table 8 - Main Results (Original model) 
Available wind farm energy over the year (MWh) 999.49 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 719.55 
Annual diesel energy (reduced by wind input) (MWh) 2216.83 
Diesel fuel used in one year (kL) 684.990 
Wind penetration of load (%) 24.50% 
 
The same diesel generator that was used in the original model was used to produce the 
results from the enhanced three diesel generators model. Table 9 is produced with the 
three different diesel generators being given identical data to the single diesel generator 
specified in the original model for comparison with the results of original model in Table 
8. 
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Table 9 - Main Results (Three types of diesel generator model with one diesel generator) 
Available wind farm energy over the year (MWh) 999.49 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 719.55 
Annual diesel energy (reduced by wind input) (MWh) 2216.83 
Diesel fuel used in one year (kL) 669.567 
Wind penetration of load (%) 24.50% 
Due to the difference in the fuel consumption input data, there is a slight difference for 
the results of the diesel fuel consumption. (Linear relationship in original model vs. 2nd 
order polynomial curve in enhanced model) 
5.1.2.2 Energy Storage Enhancement 
As mentioned in section 4.3, the energy storage enhancement in this model includes 
three important benefits: 
1. Time shifting of energy 
2. Provision of spinning reserve 
3. Provision of step load response 
Table 10 below shows the main results after including the benefits listed above. 
The results in Table 10 look reasonable, but again it is not possible to conclude that the 
enhancement is producing correct results. 
Table 10 - Main Results (Three types of diesel generator with energy storage) 
Available wind farm energy over the year (MWh) 999.49 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 899.62 
Annual diesel energy (reduced by wind input) (MWh) 2036.77 
Annual stored and released wind energy used to reduce diesel loading (MWh) 9.40 
Annual diesel energy reduced by wind output and energy storage (MWh) 2027.37 
Diesel fuel used in one year (kL) 583.79 
Wind penetration of load (%) 30.64% 
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Calculations and input values are shown in Appendix A and B respectively [Ref. Section 
8.5 and 9.4]. 
Clearly, by comparing the results from Tables 7 and 8, the diesel fuel consumption in 
one year has been reduced by around 70 kL (around 11%) and the wind penetration has 
increased by about 5%. With energy storage added to the system, more wind energy is 
used to supply load due to the additional step load response and spinning reserve 
provided by the energy storage. Moreover, with the time shifting of energy provided by 
energy storage, there is around 9 MWh of wind energy that is stored and released to 
reduce the diesel fuel consumption. So, a system with energy storage definitely can save 
a lot of diesel fuel. 
5.2 Robustness of the program 
With so many enhancements made to the program, to ensure that the program is able 
to produce sensible results, a few experimental tests were done to test the robustness 
of the program. Table 11 shows some of the cases that were expected to produce 
similar results with the input details entered to each different system. 
Table 11 - Tests for robustness 
Cases System without 
energy storage 
System with 
energy storage 
Results 
Case 1 Inputs: Number of 
WTG = 0 (i.e. No 
wind turbine) 
Inputs: Number of 
WTG = 0 
Results are slightly different:  
Diesel fuel used in a year without 
energy storage = 854.197 kL 
Diesel fuel used in a year with 
energy storage = 836.815 kL 
Case 2 No change Capacity of energy 
storage = 0 
Results are the same: 
Diesel fuel used in a year for both 
systems = 654.492 kL 
 
For case 1, if there is no wind turbine, the energy storage will not be able to store any 
wind energy to reduce diesel fuel consumption. Therefore, a system without wind 
turbine and energy storage should have the same diesel fuel consumption produced by 
a system with energy storage but without wind turbine. However, that did not happen, 
mainly because of the reserve power provided by energy storage. The system with 
energy storage was able to provide reserve power in excess of 100kWh. The difference 
was also slightly caused by the starting charge level of the energy storage.  
For case 2, inputs were default [Ref. Section 9.4] for the system with no energy storage, 
whereas for the system with energy storage, the capacity is set to zero. If the capacity of 
energy storage is zero, it cannot store any energy. Therefore, both systems should give 
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the same results and as expected, results produced for both systems were exactly the 
same. 
5.3 Half hour model  
The ‘half hour’ model contains wind and load data recorded every 30 minutes in a year, 
which includes 17520 average values. The half hour model was not used for comparison 
purposes with the ‘one hour’ model but it was used to input different data sets. 
The current ‘one hour’ model contains only 8760 average values and there are only a 
few simple changes to the formulae to produce the ‘half hour’ model. The data provided 
for the ‘half hour’ model are average values for every half hour in a year, and therefore, 
any output values related to time must be divided by two. Moreover, the main results 
calculated in Table 8 must also be divided by two. Calculations and input values are 
shown in the Appendix A and B respectively [Ref. Section 8.6 and 9.4]. 
Table 12 shows the main results produced by the ‘half hour’ model with three types of 
diesel generators but without energy storage. 
Table 12 - Main Results (Half hour model with three types of diesel generators) 
Available wind farm energy over the year (MWh) 688.31 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 669.30 
Annual diesel energy (reduced by wind input) (MWh) 4379.07 
Diesel fuel used in one year (kL) 1275.311 
Wind Penetration (%) 13.26% 
 
To see if the ‘half hour’ model would produce sensible results like the ‘one hour’ model 
with energy storage included, Table 13 shows the results with three types of diesel 
generators and energy storage. 
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Table 13 – Main Results (Half hour model with three types of diesel generator and energy storage) 
Available wind farm energy over the year (MWh) 688.31 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 686.22 
Annual diesel energy (reduced by wind input) (MWh) 4362.14 
Annual stored and released wind energy used to reduce diesel loading (MWh) 0.67 
Annual diesel energy reduced by wind output and energy storage (MWh) 4361.47 
Diesel fuel used in one year (kL) 1247.774 
Wind Penetration (%) 13.59% 
 
The results look quite sensible as the diesel fuel has been reduced by a small amount 
since the data has a low wind resource to meet a high load, and, therefore, the energy 
storage only stores a small amount of wind energy to reduce the diesel fuel 
consumption. There was not much surplus wind energy that could be stored and 
retrieved. 
To compare the accuracy of the results between the ‘One hour’ model and the ‘Half 
hour’ model, Table 14 is produced by the ‘One hour’ model using the half hour data to 
compare with the results in Table 12. 
Table 14 – Main Results (One hour model with three types of diesel generators and energy storage 
using half hour data) 
Available wind farm energy over the year (MWh) 685.50 
Annual wind energy to supply load, allowing for min. diesel & step loads (MWh) 666.80 
Annual diesel energy (reduced by wind input) (MWh) 4381.57 
Diesel fuel used in one year (kL) 1276.089 
Wind Penetration (%) 13.21% 
There is only a slight difference between the results. The wind energy produced by the 
‘One hour’ model is slightly less than the ‘Half hour’ model and therefore, the diesel fuel 
consumption is greater. Most of the difference of the results is caused by the wind 
speed data. When using the half hour data in the ‘One hour’ model, the wind speed and 
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load data are averaged. Averaged load data would not affect much in the results since 
the fuel consumption curve is a 2nd order polynomial and is quite linear but averaged 
wind speed data would affect the results more than the load data because the wind 
power curve has a 6th order polynomial.  
5.4 Time step model (ten minute model) 
The ‘ten minute’ model contains data of two months with average values for wind 
speed and load every ten minutes. The operating time of the diesel generators must be 
considered in this model, since diesel generators are not turned on and off every ten 
minutes. However, due to time constraints in this project, the operating time was not 
programmed. Instead another model was created which is called the ‘time step’ model.  
The ‘time step’ model allows any time step data with average values to be entered into 
the program. Table 15 below shows the extra input details for the ‘time step’ model. 
Table 15 - Time step input details 
Data Time (min) 10 
Time Scale Factor 1/6  
 
Data time represents the time step of the data and in this case the data time is 10 
minutes. Time scale factor is used to scale equations related to time.  
The results shown in Table 16 are the main results over 60 days, produced by the ‘time 
step’ model with three types of diesel generator. Diesel generators are turning on and 
off every 10 minutes, which could cause rather unrealistic results.  
Table 16 - Main Results (Ten minute data with three types of diesel generator) 
Available wind farm energy over 60 days (MWh) 168.68 
Wind energy to supply load in 60 days, allowing for min. diesel & step loads (MWh) 159.19 
Diesel energy produced over 60 days (reduced by wind input) (MWh) 600.11 
Diesel fuel used in 60 days (kL) 176.274 
Wind Penetration (%) 20.97% 
Again, a completely different set of data was used to produce the results in Table 14, 
and therefore the results are completely different to the other models. After all, the 
‘time step’ model was not used for comparison purposes with the other models.  
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Similarly, like the ‘half hour’ model, the ‘time step’ model was also tested to see if the 
data would produce sensible results if energy storage is added. Table 17 shows the 
results produced by the ‘time step’ model using ‘ten minute’ data with three types of 
diesel generator and energy storage. 
Table 17 - Main Results (Ten minute data with three types of diesel generator and energy storage) 
Available wind farm energy over 60 days (MWh) 168.68 
Wind energy to supply load in 60 days, allowing for min. diesel & step loads (MWh) 166.17 
Diesel energy produced over 60 days (reduced by wind input) (MWh) 593.13 
Stored and released wind energy used to reduce diesel loading in 60 days (MWh) 0.53 
Diesel energy reduced by wind output and energy storage in 60 days(MWh) 592.60 
Diesel fuel used in 60 days (kL) 169.914 
Wind Penetration (%) 21.88% 
The results do not show any odd values as the diesel fuel consumption has been 
reduced by the benefits provided by the energy storage. These values are average 10 
minute values over 2 months, so the main results are 6 times smaller compared to the 
results from using 12 months of data. 
Modified equations and calculations for Table 14 and Table 15 are shown in Appendix A 
[Ref. Section 8.7]. 
5.5 Comparison with HOMER 
In this project, the results of EXCEL and HOMER models are compared to see how they 
differ and why they are different. The most important results that were compared are 
the fuel consumption and the wind penetration. Comparisons in regards to economics 
were not considered, since the EXCEL model is only an energy flow model, so it does not 
calculate any economics results.  
Below is a list of systems that were considered to compare the results between the two 
programs. 
1. Basic one type of diesel generator (without wind and spinning reserve) 
2. One type of diesel generator + Wind turbine (with spinning  reserve) 
3. One type of diesel generator + Wind turbine + Energy storage (Battery) (with 
spinning reserve) 
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5.5.1 Basic one type of diesel generator 
This system consists of only one type of diesel generator with no wind turbine and 
spinning reserve. 
Figure 24 shows the system’s equipment that is included in the HOMER model. 
 
Figure 24 – System equipment (First system) 
More input figures for this system are shown in Appendix C [Ref. Section 10], for 
example: 
 Load data, 
 Constraints, and 
 System control 
 Diesel 
 Economics 
 Emissions 
Inputs for diesel, economics and emissions would not affect the results for fuel 
consumption and wind penetration so they were kept in default settings.  
Figure 25 shows the details of the diesel generator (255kW) used in this system and 
there are 3 available diesel generators. 
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Figure 25 - Generator Inputs 
With the inputs listed above in Figure 25, results in Figure 26 were obtained.  
 
Figure 26 – Results for HOMER model (One type of diesel generator) 
Ignoring the economics, the result of the fuel consumption is 920.987 kL. 
The same system was also created for the EXCEL model and, the input details and result 
are shown in Figure 27. However, the input details between the two models are a lot 
different, there are only certain inputs that could be linked, for example: 
 The inputs for wind turbine 
 The spinning reserve above load (Operating reserve of annual peak load) 
 Minimum diesel loading 
 Fuel consumption curve 
 Number of available diesel generators 
 Diesel generator power rating 
 Capacity of energy storage (Nominal capacity) 
 Maximum charge rate (Maximum charge current) 
 Efficiency of energy storage (Round trip efficiency) 
 Minimum energy storage for spinning reserve (Minimum state of charge) 
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Figure 27 - Input details for first system (EXCEL model) 
The zero values in some of the inputs shown in Figure 27 were entered to make the 
outputs listed below, negligible. 
 The two other types of diesel generators 
 Wind turbine generator 
 Spinning reserve 
 Energy storage 
Note that the values would not affect how the lookup table works since there is only 
one type of diesel generator.  
Table 18 shows the results produced by the EXCEL model. 
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Table 18 - Result of fuel consumption (EXCEL model) 
Diesel fuel used in one year (kL) 846.656 
Wind penetration of load in percent  0.00% 
Since there is no wind turbine producing wind energy, the wind penetrations for both 
models would be zero as expected. 
There is quite a significant amount of difference in the results between the two models 
because the input details and methods between the two models are a lot different. 
However, it is not very clear what parameters might be causing the differences between 
the results, since the calculations of the HOMER model are not accessible. To see how 
the wind penetration results differ, another system was created as shown in the 
following section. 
5.5.2 One type of diesel generator + Wind Turbine 
The system now includes a wind turbine with spinning reserve. 
 
Figure 28 - Equipment (Second system) 
The following inputs are similar to the first system: 
 Load data 
 Diesel 
 System control 
 Emissions 
 Diesel Generator 
Input details for wind data and wind turbine are shown in Appendix C. [Ref. Section 10] 
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Figure 29 shows the constraints input details in the HOMER model. 
 
Figure 29 - Constraints 
The constraints input now include spinning reserve (operating reserve as shown in 
Figure 30).  
Therefore, to link certain inputs of the HOMER model, the top section of the input 
details shown in Figure 27 were changed as shown in Figure 30. 
 
Figure 30 - Inputs for second system (EXCEL model) 
Page | 48  
 
The number of wind turbine generators is now increased to 1. 
Moreover, the power reserve above load is now 61.3kW, which is set equal to the 
HOMER program’s operating reserve of 10% of the 613kW annual peak load, i.e. 61.3kW, 
as shown in Figure 30. 
Therefore, the results shown in Figure 31 were obtained. 
 
Figure 31 - Results for second system (HOMER) 
 
Figure 32 - Wind energy results for second system (HOMER) 
From Figures 31 and 32, the diesel fuel consumption is 785.995kL and the wind 
penetration is 42.8%. These results do not make sense when compared to the fuel 
consumption figure of the first system without wind turbine (See Figure 25). A wind 
penetration value of 42.8% for a system with a 300kW WTG and 613kW annual peak 
load is unrealistically high. 
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Table 19 shows the results for the second system produced by the EXCEL model. 
Table 19 - Results for second system (EXCEL model) 
Diesel fuel used in one year (kL) 678.936 
Wind penetration of load in percent  23.76% 
 
Again, the results are a lot different to each other. There are more than 100kL of diesel 
fuel consumption and about 20% of wind penetration differences between the two 
results.  
5.5.3 One type of diesel generator + Wind Turbine + Energy Storage 
The second system now includes energy storage. Figure 33 shows the system’s 
equipment. 
 
Figure 33 – Equipment 
The system now has AC and DC units with battery storage included, and therefore a 
converter is added. 
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Input details for the equipment shown in Figure 33 are in Appendix C [Ref. Section 10]. 
The annual peak load has changed to 41.6%. This is to link with the ‘min. power reserve 
above load’ set in EXCEL model, which is shown in Figure 35. The operating reserve of 
the wind power has changed to 100% as shown in Figure 34. 
 
Figure 34 – Constraints for third system (HOMER) 
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Similar input details were entered into the EXCEL model but as mentioned, the inputs 
between the two models are a lot different, so there are only certain inputs that could 
be linked between the two models. Figure 35 shows the input details of the EXCEL 
model for the third system. 
 
 
Figure 35 - Inputs for third system (EXCEL model) 
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List of changes and assumptions made to the inputs in both models: 
 Spinning reserve coverage of available wind farm power by energy storage, 
assumed to be equal to operating reserve of wind power output, although they 
are not exactly the same. 
 Capacity of energy storage, to link with the battery storage in HOMER. 
o                                     
                                 
                                
o                                                 
     
o Because the maximum energy storage level for the EXCEL model is 95%. 
o Therefore, the capacity of energy storage in EXCEL model would be 80kW 
in order to have maximum battery storage of 76kW. 
 Maximum charge current, calculated using the maximum charge rate per hour in 
EXCEL. 
o                            
                                
                                               
 
o                         
      
     
        
 Maximum charge rate is set to equal to: 
o                     
                      
                           
 
o                     
     
    
           
 Maximum discharge rate needs to be equal to the larger of the minimum power 
reserve above load, or the spinning reserve coverage wind farm power by energy 
storage, or the diesel capacity. 
o In this case,                               
 Efficiency of energy storage, to link with round trip efficiency. 
 Minimum energy storage for spinning reserve, to link with the minimum state of 
charge. 
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Figure 36 shows the results from the two models. 
 
 
Figure 36 - Results for third system (HOMER) 
The diesel fuel consumption was increased from 785.995 kL to 796.317 kL with the 
default power curve. The wind penetration was 42.8% which did not change from the 
results produced from the second system. However, with battery storage included to a 
system, the diesel fuel consumption should decrease. The results shown in Table 20 
produced by the EXCEL model look more reasonable compared to the results in Figure 
38. 
Table 20 - Results for third system (EXCEL model) 
Diesel fuel used in one year (kL) 577.164 
Wind penetration of load in percent  32.29% 
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The increase in diesel fuel consumption was caused by the increase of wind power 
output operating reserve (See values in Figure 34). 
For the EXCEL model, the diesel fuel consumption was decreased by the energy storage, 
and the spinning reserve coverage of wind farm provided by energy storage allowed 
more wind output to be produced, which increased the wind penetration. 
To investigate the effect of the wind power output operating reserve, Figure 37 shows 
the results produced without the wind power output operating reserve. 
 
 
Figure 37 - Results for third system without wind power output operating reserve (HOMER) 
The diesel fuel consumption has decreased from 796.317 kL to 789.834 kL. The wind 
penetration remained the same.  
So without the wind power output operative reserve, the battery storage in HOMER 
increased the diesel fuel consumption by a smaller amount from 785.995 kL to 789.834 
kL.  
In conclusion to this, the results produced by the two models had not been very similar 
to each other, especially when wind turbine and energy storage are added.  
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It is not very clear how such a big difference of the results between the two models 
would happen, but the reason might be due to the differences in the input methods and 
details, especially when it comes to the details of energy storage between the two 
models. These models produce different types of result, for example, HOMER gives 
more results on the economics of the system while the EXCEL model gives more results 
about the energy flow of the system.  
Table 21 shows some of the important control algorithms between the two models 
which might have caused the differences of the results. 
Table 21 - Important control algorithms 
Important control algorithms in the 
model 
EXCEL HOMER 
Spinning reserve for load variation Programmable Unknown and Non- 
programmable 
Spinning reserve coverage of wind farm Programmable Unknown and Non- 
programmable 
Spinning reserve to cover for loss of a 
diesel 
Programmable Unknown and Non- 
programmable 
Use of energy storage for spinning 
reserve 
Programmable Unknown and Non- 
programmable 
Minimum diesel loading Programmable Programmable 
Priority of diesel dispatch Programmable Unknown and Non- 
programmable 
Programmable – Model adapted to reflect the users’ desired control algorithms. 
6 Conclusion 
With the enhancements made to the EXCEL energy flow wind diesel model, the model 
becomes more flexible where users can design a wind diesel system with three different 
types of diesel generators and with the option of adding energy storage to the system. 
The program is also easier to use as there are instructions and hyperlinks for users to 
understand and move around the model more easily and quickly.  
The EXCEL model is an open platform program where users can see the calculations on 
how to obtain the results and analyse them easily. It also allows users to design their 
own desired system specifications. The HOMER program, however, is a ‘black box’ 
program where users cannot see how the results are calculated and therefore, it is hard 
to analyse the results. The HOMER program gives users a lot of options to choose in 
Note: Customised EXCEL energy flow models have been used in designing wind diesel systems in 
Western Australia. This was informed during discussions with Craig Carter. 
 
 
terms of inputs and results but of course there are limits while the EXCEL model has no 
limit in designing the system as long as users can expand the program to include their 
own equipment characteristics and control algorithms.  
Nonetheless, HOMER can produce results about the economics of the system, whereas 
the EXCEL model only deals with the energy flow modelling of the system. 
Different programs have different tools and their own advantages. They have different 
ideas in every aspect and give different kinds of results.  
Although the EXCEL program is not a highly refined user-friendly software modelling 
tool that is used to design a wind diesel system, the accessibility and the unlimited 
design options of the program makes it easy and comprehensible to use. However, 
customised EXCEL energy flow models have been used to help design most of Western 
Australia’s wind diesel systems (Carter, private communication, 2014). 
7 Future Work 
Although the EXCEL model had already been enhanced in many ways, there is still work 
to be done. 
As most of the software packages nowadays produce economic results, by including 
some main economic results of the system would give a lot of benefits to the user for 
example the cost of the diesel fuel consumption, the installation cost or the cost of the 
equipment required, how many generators or what type of generators would benefit 
the system with lower cost or the recommended size of energy storage for the system 
and so on. 
The final enhanced EXCEL model caters for three types of diesel generators, by adding 
more than three types of diesel generators would give more options to the user.  
The data used in this project were not actual system data and therefore, the EXCEL 
model will be tested using the actual system data to validate the program. 
This project involved in comparing the results of the EXCEL model with the free version 
of HOMER. However, the results produced by the HOMER model were very different 
and appear less accurate due to different input methods between the two models. 
Therefore, it would be better to compare the EXCEL model with the latest non-free 
version of HOMER where it might have more flexibility in modelling different control 
algorithms. Moreover, more comparison can be made with another similar program 
called Hybrid2. 
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9 Appendix A – Calculation 
9.1 Basic Model Calculation 
The following calculations are based on the basic ‘one hour’ model. 
1.                                
                                                       
                    
 
 Where                                     (
 
 
)  
                         (
 
 
)               
 a, b, c, d, e, f, g are the coefficients of the polynomial equation. 
Note: The above equation applies only when the wind speed is within the range 
between 3 and 14 (range may vary depending on the specifications of the wind turbine), 
where the wind turbine output is not less than zero and not more than the rated output 
of the wind turbine. Furthermore, the data sets for wind speed and load have a scale 
factor but in all the simulations, the scale factors for both data sets were assumed to be 
equal to 1.  
 When the wind speed is less than 3m/s, the available wind farm output 
equals to 0 whereas the available wind farm output for wind speed more 
than 14m/s is equal to the maximum output of the WTG. 
 
2.                              
                              
                                
 
 Where 
                                 
                                       
 
3.                                              
                                 
                                      
 
4.                                                          
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5.                                                                 
                                                 
a. Available wind farm output (kW)  
b. Total step load response of online diesel generators (kW)  
c. Scaled hourly average loads (kW) reduced by the minimum diesel loading 
(kW) 
 
6.                                          
                                 
                                                                
 
7.                                             
                                             
                                            
 
 
8.                                             (
 
  
)  
(                            (
 
  
)  
                                   
(                              (
 
  
)  
                            (
 
  
)))  
                                  
9.                            (
   
 
)  
                                        
                                            (
 
  
)
 
 
10.                                  
                                                            (
 
  
)
    
 
Note: There are 8760 data outputs in a year that need to be summed up to calculate the 
total diesel fuel used by online diesel generators and for all the other main yearly results. 
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11.                             
                                                                           
                                        
 
 Where 
                        
                                                                                    
    
 
 And 
                                         
                                                  
    
 
 
9.2 Lookup Table 
Below are the calculations for the lookup table, Figure 15, in section 4.2.2. 
1.                                                            
           
Therefore, if there are three types of diesel generators, the total diesel power rating 
would be the sum of each diesel power rating. 
2.  
a.                    
                                        
                                            
 
b.                    
                                        
                                            
 
c.                    
                                        
                                            
With three types of diesel generator, the max load would be the sum of the maximum 
loading of each group of diesel generator types. 
3. The load range for each priority is the range in between two maximum loads. 
However, the first priority order has a range from 0 to the least maximum load. 
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9.3 Extra Diesel Types Calculation 
Calculation steps for extra diesel types enhancement (three types of diesel generators): 
1. Calculate the total Power range in kW. 
 
                    
 (                                
                                 )
                                        
 (                                
                                 )
                                        
 (                                
                                )
                                         
 
2. Determine the usage of Power range in percent. 
 
                      
 
                                      
                    
  
 
3. Calculate the diesel loading on each type of diesel generator (separated 
columns). 
 
                   
                            
                        
                             
                              
 
4. Then update the calculations for the percent loading of each type of diesel 
generator. [Ref. Equation 7 in section 8.1] 
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By looking at the equation for 4th step of calculations above, it is clear that when the 
number of diesels online of a particular diesel generator type is zero, the results 
produced are incorrect. Therefore, the formula has to include an IF function, as shown 
below. 
                                                 [ ]   [ ] 
IF function: IF(Formula, X, Y) 
Description: If ‘Formula’ is true, then X is used, otherwise Y is used. 
5. Also update the equation for diesel fuel used by online diesel generators since 
the model has been enhanced to accommodate fuel consumption polynomial 
curves. [Ref. Equation 8 in Section 8.1] 
                                             
 
  
 
                                         
                            
 Where x = Diesel loading (kW) [Ref. Equation 3]  
 And a, b and c are the coefficients of the polynomial equation 
9.4 Energy Storage Calculation 
Below are the calculations for the benefits provided by energy storage. 
9.4.1 Time Shifting of Energy 
1.                                                       
                              
                                                               
 
2.                                                                   
                                                                           
                    
 
Note: There is a maximum charging rate for energy storage and therefore the above 
equation cannot exceed this value. 
3.                                                        
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Note: The state of charge of energy storage cannot exceed the maximum capacity of 
energy storage and should have a minimum charge level for spinning reserve. 
4.                                                             
                                          
                                            
 
5.                                                         
                                                   
 
6.                                                  
                                      
a. Available charge used up over one hour  
b. Diesel power above minimum diesel loading 
c. Maximum discharge rate of ES 
 
7.                                                 
                                         
                                     
 
8.                        
                                                                         
                    
 
Note: Equation 8 shown above is a modification of equation 2 in section 8.1.  
9.4.2 Spinning Reserve 
1.                                                     
(                                                        )  
  
                                                 
                      
 
2.                                                               
                                                  
                               
                                                
                                        
Note: The two equations above cannot exceed the maximum discharge rate of energy 
storage. 
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With the two equations above included into the model, the equation to calculate the 
minimum required online diesel capacity had to be changed. [Ref. Equation 3 in Section 
8.1] 
3.                                              
                                 
                                      
                                                              
9.4.3 Step load response 
1.                                                            
 
2.                                                
                                                         
                              
9.5 Main output results 
Below are the main results assuming one hour time steps. 
The main results that include: 
a. Available wind farm energy over the year (MWh) 
b. Annual wind energy to supply load, allowing for min. diesel & step loads 
(MWh) 
c. Annual diesel fuel (reduced by wind input) (MWh) 
d. Annual stored and released wind energy used to reduce diesel loading (MWh) 
e. Annual diesel fuel reduced by wind output and energy storage (MWh) 
 
1.                                               
                                             
    
  
Note: The total available wind output is the sum of all 8760 output values of available 
wind output (kWh) and the same goes for the other ‘total outputs’. 
2.                                                                           
                                                        
    
 
 
3.                                                  
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4.                                                                           
                                                                      
    
 
 
5.                                                                   
                                                                                
    
 
9.6 Half hour model 
Refer to Section 8.1 for the original equations. 
1. For every equation for the main output results listed in section 8.4, changes must 
be made and the modified equations for every main output are shown below. 
                                      
 
                                  
    
 
     
   
 
2. Equations related to time must be multiplied or divided by 2. The diesel fuel 
used by online diesel generators has a unit of L/hr and therefore it must be 
modified to the equation below. 
                                            (
 
  
)
                                         
 
     
   
                                   
 
9.7 Time step model 
Refer to Section 8.1 for the original equations. 
1. To obtain average hourly values, time scale factor is included to every time 
related equations. 
                  
               
  
 
 
2. Same as the ‘half hour’ model, every equation for the main outputs listed in 
section 8.4 must be modified to include the time scale factor. 
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3. Same goes to equations related to time, equations were modified to include 
time scale factor. 
                                            (
 
  
)
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10 Appendix B – Final Enhanced EXCEL Model  
10.1 Introduction page 
 
Figure 38 - Introduction page 
This is the exact same figure as Figure 17 in section 4.4.1. 
10.2 WTG Power Curve page 
 
Figure 39 - WTG Polynomial Power Curve 
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10.3 Fuel Consumption page 
 
Figure 40 - Diesel Fuel Consumption Figure 
 
Figure 41 - Diesel Fuel Consumption Polynomial Coefficients 
 
Figure 42 - Other diesel fuel consumption data 
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10.4 Input page 
 
Figure 43 - Main inputs (for load and wind speed data, wind turbine, spinning reserve and diesel 
generators) 
 
Figure 44 - Polynomial coefficients for WTG and Fuel Consumption and details about the diesel 
generators 
Figure 45 also shows the inputs where the values in green cells are values calculated 
from Figure 40 and 41 [Ref. Section 9.2 and 9.3]. 
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Figure 45 - Main output results 
Figure 48 shows the main output results of the program where they are located in the Input page so that users could easily see the 
main results whenever the inputs are changed. 
 
Figure 46 - Lookup Table 
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Figure 47 - Details of energy storage 
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10.5 Output page 
 
Figure 48 - Top of the Output page 
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The middle part of the output page contains all the data output values.  
 
Figure 49 - Bottom of the Output page 
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Figure 50 – Bottom of the Output page 
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10.6 Description page 
 
Figure 51 - Description page 
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Figure 52 - Description page 
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Figure 53 - Description page 
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10.7 Fuel Consumption Data Page 
 
Figure 54 - Fuel Consumption Library of Data 
 
Page | 80  
 
11 Appendix C – HOMER Screenshots 
 
Figure 55 - Load Inputs 
The load data shown above was imported from a text file created from the hourly data 
in the EXCEL model. 
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Figure 56 - Wind Resource Inputs 
The wind data above was also imported in the same way as the load data. 
 
Figure 57 - Generator Inputs 
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Figure 58 - Fuel Consumption Curve 
The fuel consumption data is the same data shown in Table 2. [Ref. Section 4.1.1] 
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Figure 59 - Generator Schedule (Default Settings) 
 
Figure 60 – Emissions (Default Settings) 
Figure 59 and 60 has default settings. 
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Figure 61 - Wind Turbine Inputs 
 
Figure 62 - Wind Turbine Details 
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The power curve shown above is the power curve for the same wind turbine as shown in 
Figure 42. [Ref. Section 9.2] The shutdown power at wind speed of 25m/s was included. 
The notes in Figure 62 are details about another wind turbine and they do not affect the 
results. 
 
Figure 63 - System Control 
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Figure 64 – Constraints (Default Settings) 
 
Figure 65 – Cost of diesel 
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Figure 66 - Economic Inputs  
 
Figure 67 – Costs of emissions 
Inputs shown in figures from Figure 66 to 67 do not affect the results investigated in this 
project. 
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Figure 68 - Battery Inputs 
 
Figure 69 - Battery Details 
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Figure 70 - Converter Inputs 
The inverter and rectifier inputs are default settings while the size is logically 
randomised as 200kW. 
All the inputs for costs in all the figures are randomised since they would not affect the 
results analysed in this project. 
 
